In nature, humans can always find a way to maintain the balance when there is an external push in a large magnitude. Most of present bipedal robots walk properly on the even terrain without any external disturbances. However, they cannot deal with the unexpected disturbance very well, such as, uneven terrain or abrupt strong push. The Capture Point 1,2 has been presented to compute the region on the ground where the bipedal robots must land so as to complete a safe stop. Except for the model-based control approaches, model free control methods have been recently researched, such as, a biologically motivated control for a biped has been researched by. 3,4 The integrated behavior-based control framework 5 has been as well included in this simulated biped which simplifies the complexity of control system in a large scale and enhances its adaptability to different environments. This paper will describe, firstly, how to establish the model of a linear double link inverted pendulum with a flywheel. Afterwards, the calculated torques will be integrated into the motor patterns of biologically motivated control to enhance the capability of the biped in more complex environments. Finally the simulation results will be demonstrated and analyzed.
Introduction
Maintaining body balance is very necessary for bipedal robots performing in complex human environments. Due to the unexpected push during walking or standing still on an uneven terrain, it is critical for bipedal robot to maintain the stable state and re-stabilize its posture. Well-known stability theory such as Zero-Moment-Point theory 6 can be only applied to predefined trajectories. However, it cannot be suitable for maintaining stability since influences are always unknown. Therefore the trajectories and posture adjustments cannot be calculated in advance. There is a requirement of a 2 theory that prevents fall and can be easily implemented. A Capture Point 1 is a point on the ground on which the bipedal robot can stride so as to make itself to a complete stop. It considers the states and actions that let itself take a step to maintain balance.
The biologically motivated control is based on the observation of human motions. The control of human motion is hierarchically organized(shown in Fig. 1 ), in which Locomotion Modes, spinal Pattern Generators, Motion Phases, Reflex Controller and Motor Patterns have been placed from the most top layer to the lowest layer. This approach utilizes feedback control (reflex controllers) as well as feed-forward control (motor patterns) that allow us to easily and rhythmically control the biped walking and other motion behaviors. 
Capture Point and Capture Region
The Capture Point and Capture Region allows the bipedal robot to take a step to a full stop at the proper timing and place. The location of a Capture Point is dependent on the trajectory of swinging leg and other behaviors in the leg swing phase and is therefore not unique.
1 Hence, a collection of such Capture Points is called a Capture Region . The Fig. 2 shows the Capture Region on which the bipedal robot takes step to maintain its stability. Since the motion in sagittal and frontal plane can be treated separately, we can consider the biped system as a planar inverted pendulum with a flywheel in sagittal plane as shown in Fig. 3 . This system has three actuators mounted at the hip, knee and ankle joint in which the hip and upper body can be intuitively dealt as a flywheel. Because the actuator at ankle normally works for the Toe Off and the Gesture Adjustment of foot during leg swing phase, 3 we can ignore its influence in determining Capture Point. The actuator at the knee normally operates very slightly during leg swing phase, since the passive dynamics has been taken into account. 4 Consequently we mainly consider the torque generated at the hip joint in locating the Capture Point. The dynamics of the system can then be written as: 
where m a and J are the mass and inertial moment of the flywheel, g is the gravitational acceleration constant,ẍ andz determine the acceleration of center of mass in sagittal and vertical plane. τ 2 is the motor torque on the flywheel, and F is the force along the leg. The l denotes the distance from ankle joint to the center of flywheel, whereas l 1 and l 2 indicating the length of shank and upper leg. θ 1 , θ 2 and θ l are the angles of ankle, knee and approximated leg with respect to the vertical axis respectively. The θ f is the angle of the center of the flywheel depending on the vertical axis. For bringing the biped to a stop at the maximum flywheel angle, the torque can be solved as:
where τ max is the maximum torque that the hip joint can provide, and u(t) is the unit step function. T 1 and T 2 are the time at which the deceleration begins and then it comes to a stop respectively. Where
θ f0 and θ fmax denote respectively the initial and the maximum angle of flywheel allowed with respect to the vertical axis. The detailed solution for determining T 1 and T 2 and a Capture Region can be found in . 1 In this paper, we will discuss how to generate the required Motor Patterns and related Reflex Controllers in the biologically motivated control system.
Integrating Capture Point into Framework of Biologically Motivated Control
Due to lacking of model of the system in biologically motivated control, figuring out an integration of Capture Point is hence emerging. As mentioned above, there exists state machines that are responsible for switching walking and standing phases. Here we would like to add the Capture Point as a block into this state machine. The Fig. 4 illustrates the different states and their triggering events for stable standing.
Motor Patterns for a Capture Point
As mentioned, the motor pattern is a basic control unit in the framework of biologically motivated control. It works in a feed-forward way that depends on the certain event or timing during the walking. Its main advantage is that it is working rhythmically and the parameters, such as, rising and falling time of the pattern can be easily adjusted. The motor patterns have normally the following parameters, rising time t 1 , duration time t 2 and falling time t 3 and the magnitude of the maximum torque which mitigates the complexity of calculating motor patterns in a large scale.
Eq. 4 shows the function that is used as a general form for motor patterns,
Three parameters t 1 , t 2 , and t 3 are responsible for adapting the length of the smooth rise of the function, the duration of the plateau at maximum peak, and the time until the smooth fall of the function arrives zero. 7 A denotes the adjustable parameter that is normalized in [−1, 1]. Thus the output torque τ is limited in the range of [−τ max , τ max ]. Fig. 5 illustrates how those time parameters are defined and sign and amplitude can be varied by the factor A. Let us consider the Eq. 2 again, we will have to define the Fig. 5 : General form for motor patterns. t 1 is the end of rise time, whereas t 2 and t 3 indicating the start and end of fall. A is the adjustable parameter for maximum torque output.
time T 1 for decelerating the upper body. Comparing it to Eq. 4, we have to only add a negative motor pattern to realize the behavior of deceleration. Afterwards, a positive motor pattern which starts at T 2 is then generated. The torque form can be found in Fig. 6 . 
Related Reflex Controllers
We have just mentioned only one motor pattern that manages the hip swing, other reflex controllers and motor patterns must be included in addition to realize the whole process. The walking process can be separated into 5 different phases, 4 thus we will analyze the Leg Swing phase and Weight Acceptance phase of the same leg. From Fig. 7 , we can see that the Hip Swing is the torque generator for finding a capture point while the reflex controller Lock Hip is responsible for keeping hip joint swinging in the allowable range. It will stimulate the stiffness controller 4 when hip joint is approaching its maximum angle.
Considering the Weight Acceptance phase in Fig. 8 , the Hip Brake motor pattern will be deployed to decelerate the upper body mentioned in Fig. 6 .
Another important reflex controller that should be seriously considered is the Ankle Brake. It works as a torque generator and a stiffness controller, which provides decelerating torques as a motor pattern in case the ankle is not yet close to its neutral angle. When the angle is close enough to the neutral angle, the ankle would become stiffer to prevent the over-swinging of leg. 
Simulation Results
The suggested method is tested in the framework of MCA2 a with the physics engine Newton Game Dynamics b . The biped has in total m = 80kg is 50kg with the inertia of J = 2.5kgm 2 . The maximum flywheel angle is θ fmax = 0.2π and the maximum hip torque is τ max = 50N m. Fig. 9 (a) and 9(b) show the course of left hip angle in sagittal plane after suffering a strong push at respectively 40N and 60N for locating the Capture Point at the maximum speed 0.8m/s. we can see that when the push is stronger, the angle changes also quicker because of the shorter existence of the positive torque. It decreases sharper as well than that of in slighter push due to the longer emergence of negative torque. The video of finding Capture Point can be found on http://agrosy.informatik. uni-kl.de/en/robot-gallery/biped/.
Conclusion and Future Works
Although the model established for an inverted pendulum is too simplified for a real biped, the behaviour-based control can easily integrate this method and thus implement the experiment. However, we have just made the implementation while it is standing, the push during walking is still missing. Next step would be the realization of push recovery in both direction during walking. Furthermore, N-step capturability could be tested if the disturbances are higher. Online learning controllers could be also used to determine the place and timing to step automatically after suffering disturbances.
